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ABSTRACT

Vertical profile of aerosol characteristics could be
deduced using measurements of zenith-sky polarized
radiance at twilight. It is proposed an agorithm for
retrieval of aerosol profile using measurements of degree
of polarization at 800 nm for solar zenith angles from 90°
to 96°. Retrieval errors are analyzed. Preliminary results
of measurements of degree of polarization at a few
observational sites are discussed.

1. INTRODUCTION

Aerosol of the middle atmosphere plays an important
role in the radiation budget of the Earth. After powerful
volcanic eruptions and in polar regions where PCS are
formed aerosol’s influence on photochemical balance of
0zone becomes the most pronounced. These are reasons
of the necessity of monitoring of verticad aerosol
distribution in the middle atmosphere.

A relation between the degree of polarization at the
zenith during twilight under cloudless condition and the
aerosol content variations in the troposphere and
stratosphere was found experimentally in the work of
Shah [1969]. A possibility of retrieval of vertical aerosol
profile (VAP) on the basis of such observations was
studied by Wu and Lu [1988], Elansky et al. [1993]. In
later papers were investigated retrieval using space
polarized observations [Herman et al. 1997, Mishenko
and Travis 1997]. In this paper preliminary results of new
observations of degree of polarization are presented, an
algorithm for retrieval of aerosol profile using degree of
polarization is proposed, and a preliminary analysis of
retrieval errorsiscarried out.

2. INSTRUMENT

The instrument for polarization measurements is
made up of a photometer with a mirror long-focus (1000
mm) objective (1 in Fig.1) and a rotating polaroid
mounted after the objective (2). The instrument monitors
radiation from a small solid angle (less than 1° in the
direction of the local zenith). For a sensor of radiative
flux, a photomultiplier (4) (PM) is used. During the

twilight period for solar zenith angles from 90° to 96°, the
radiative flux changes over 4-5 orders of magnitude;
therefore, the measurements are performed in the mode of
variable responsivity of PM. To very the responsivity of
PM, photocathode voltage is varied. The dark current of
PM is determined from measurements with a shutter
closed (3). The intensities of two radiative components
polarized perpendicularly to each other are determined on
the basis of each 3-5 revolutions of the polaroid. A glass
light filter and spectral sensitivity of PM control a
sensitivity band of the instrument; the band is centered at
830 nm and its half-width is 70 nm. . The example of a
signal recorded isgivenin Fig. 2.
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Fig. 2. Two PM currents caused by two polarized zenith
intensities. Measurement of January 5, 2000 at Lovozero.

3. MEASUREMENTS OF POLARIZATION

To work through the procedure of measurements of
the vertical aerosol distribution, test measurements of the
degree of polarization of the twilight sky were carried out
in the winter of 1999-2000 at the Zvenigorod (55.42° N,
36.47° E, 200 m.asl., Moscow region) and Lovozero



(68° N, 35° E , Murmansk region) stations. In the spring
of 2000, regular measurements were restarted at the high-
mountain Kislovodsk station (43.73° N, 42.66° E, 2070 m
asl., North Caucasus). Polarization measurements are
performed during twilight when the solar zenith angle
changes from 90° to 96°.

= 0.9 T T T
o | | |
= a, | | |
g ( ) | | |
5 084+ -—----—----~- oy T T T~ T T T oo T T T T - -7 77
o e |
[=1
) | | | N
0.7 y | | |
E., | | |
[ | | |
&) | | |
0.6 T T T T T
90 91 92 93 94 95 96
Zenith angle
‘ —11/24/99 e ——12/25/99 e
0.9
c
2
T
N
§ 0.8 1
o
o
G
07
e
(=)
i
)
0.6 . .
90 91 92 93 94 95 %
Zenith angle
‘ —12/12/99 € ——12/17/99 m —12/17/99 €
= Og T T T
o | | |
® (c) I I I
E | | |
5 0.8 1 | | |
[=} | | |
o
B | e PR, |
O - T ity
’&, | | |
[ | | |
a | | |
0.6 T T T T T
90 91 92 93 94 95 96
Zenith angle
\ 05/21/99 m ——05/22/99 m \

Fig. 3. The degree of polarization measured at Zvenigorod
(a), Lovozero (b) and Kislovodsk (c).

The examples of polarization curves obtained are
presented in Fig. 3. The degree of polarization observed
at each of the three stations is close to 80%. In the
polarization curve, the minimum corresponding to
intersection of the Junge aerosol layer by the earth's
shadow [Elansky et al. 1993] is not pronounced. This fact
is indicative of small atmospheric aerosol content and
thus of the complete elimination of products of last-
decade volcanic eruptions from the atmosphere. Likewise,
no effect of the near-tropopause aerosol is reveaed,
athough this effect is usualy significant. On the whole,
the data obtained at all the stations confirm the fact that
atmospheric aerosol in the Northern Hemisphere is at
present in the background state.

4. MODEL OF POLARIZATION
MEASUREMENTS OF AEROSOL

The PM currents iZ[I and il corresponding to the

above-mentioned intensities are related to the profile of
aerosol characteristics n = n(h) through equalities

il =Kok KZ(n)+7, +V7

ib =k KL (ny+z, +vl

D
where K is the coefficient of absolute calibration of the

instrument, k, is the coefficient of responsivity of PM

(variations of this coefficient are described by a piecewise
steady function of the solar zenith angle 2), 7,is the dark

current of PM, v, is the random noise of measurements.

Integral operators KZD(n) and Kl(n) simulate the

process of formation of radiative fluxes coming from the
zenith in the atmosphere with the aerosol profile
n=n(h). Measurements at one wavelength can not
provide simultaneous determination of the concentration
and microphysical characteristics of aerosol. Therefore,
microphysical characteristics of aerosol were taken from
other sources. Optical characteristics of aerosol were
computed by the Mie theory. Profiles of aerosol
concentration n=n(h)were being retrieved. For
convenience of comparison of retrieved data with data of
lidar sounding, the profiles of aerosol concentration were
recomputed into aerosol backscattering ratios.

For simulation of radiative transfer in the atmosphere,
the Monte-Carlo method and the method of direct
integration with two orders of scattering taken into
account were used [Postylyakov et al. 2000b].

For the available version of the instrument,
responsivity coefficients k,and the coefficient kgare

unknown; these facts are taken into account in the
retrieval algorithm. The dark current 7, was measured at

intervals of 30-50 revolutions of the polaroid. Dispersion
of noise v, was considered constant. Its value was

estimated from field measurements and, hereafter, is
denoted as o. The numericad value of o was
reevaluated in comparison with previous paper
Postylyakov et al. [2000a] using new field measurements.

5.RETRIEVAL ALGORITHM

The algorithm of VAP retrieval was developed on the
basis of theory of Measurement Computer Systems



(MCS) [Pyt'ev and Chulichkov 1991]. It was developed
for alinearized variant of measurement scheme (1) in the
framework of model including a random vector of
measured signal with two specified moments of its
distribution. In numerical simulation, for the mean profile
of n=n(h), the background aerosol distribution. The

covariance matrix of the vector n(h) was preset as the

diagonal one with the dispersion (n(h))z. The

distribution of aerosol microphysical characteristics was
taken in accordance with the model [WMO 1986]:
continental aerosol below 10 km, and stratospheric
aerosol above 10 km.

6. ERROR ANALYSISAND NUMERICAL
EXPERIMENTS

Figures 4 and 5 show the rms errors of aerosol
concentration retrieval on the basis of MCS theory. The
errors were calculated for a measurement at 60 solar

zenith angles from z=90.1° to z=96° with step 0.1°.
Percentage were calculated for background aerosol
profile.
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Fig.4. Percentage rms retrieval errors of aerosol
concentration for different dispersions of measurement noise.

Figure 4 presents retrieval errors for resolution of 1
km for measurements distorted by a noise with different
dispersions. o (norma noise), 1/ 40 (decreased noise),
and 40 (increased noise). A fourfold change in the noise
dispersion leads to an error change of 10-15%. For all
heights, at a height resolution of 1 km and a noise
dispersion o, the retrieva error exceeds 50% of the
background aerosol concentration. As shown below, the
retrieval accuracy can be heightened by degrading the
resolution. Natice that, in periods subsequent to powerful
volcanic eruptions, the aerosol concentration is enhanced.
In such periods, the percentage error may become less
than 10%. At heights below 5 km, the relative error
decreases due to high aerosol concentrations in the
atmospheric  surface layer. In case of unknown
coefficients k, and kg retrieval errors increase at 1-3%

in comparison with measurement carried out by an
instrument with exactly known k, and kg .
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Fig.5. Percentage rms retrieva errors of aerosol
concentration for different vertical resolution.

The dependence of the retrieval error on the vertical
resolution is given in Fig. 5. As the vertical resolution
degradesto 5 km, the retrieval error decreases bel ow 40%
for al heights above 11 km. At a further degradation of
the vertical resolution, the retrieval error decreases only
dlightly. Figures 6 illustrate the numerical experiment on
aerosol profile retrieval. The model aerosol layer is
characterized by a thickness of 2 km and by a range of
aerosol concentration variation equal to the background
concentration. At a resolution of 1 km, it is difficult to
reveal such amodel layer against the noise background; at
aresolution of 2 km, the layer manifests itself rather well;
and, at a resolution of 3 km, the layer is clearly
pronounced but its form is noticeably distorted.

7. CONCLUSION

At the Kidlovodsk station, regular measurements of
the degree of polarization of the zenith skylight were
restarted. The degree of polarization observed at present
in high and middle latitudes is characteristic for
background concentrations of stratospheric aerosol.

A mathematical model of polarization measurements
for aerosol profile retrieval is designed for usage in
retrieval problem. The model takes into account multiple
scattering of solar radiation in the atmosphere, variations
in the responsivity coefficients of the instrument in
accordance with the intensity of incoming radiation, and
the absence of absolute calibration of the instrument.

An agorithm of aerosol profile retrieval from
polarization measurements on the basis of the MCST is
proposed. On the basis of field observations, a model of
errors of radiation measurements is developed. Error
analysis shows that the retrieval has enough accuracy to
detect a 2-km aerosol layer, which exceeds background
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concentration by more than 50 % at 12-25 km or by 60%
at 5-45 km, or detect a 5-km aerosol layer, which exceeds
background concentration by more than 25 % at 18-20
km or by 40% at 11-45 km. Notice that, in periods of the
enhanced aerosol concentration (after powerful volcanic
eruptions) thisretrieval error may become less than 10%.

ACKNOWLEDGEMENT

This work was supported by Russian Foundation of
Basic Researches, grants 98-05-64922 and 98-05-64974.

REFERENCES

Elansky, N.F., E.A. Kadyshevich, V.V. Savastyuk, 1993:
Polarization of twilight sky: experiment and numerical
simulation. (in Russian) lzvestya Academii Nauk,
Fizika Atmosfery i Okeana, 29, #4, 515- 524.

Herman, M., JL. Deuze, C. Devauz, P. Goloub, F.M.
Breon, D. Tanre, 1997: Remote sensing of aerosol over
land surface including polarization measurements and
application to POLDER measurements. J.Geoph.Res.,
102, 17039-17049.

Mishenko, M.I., L.D. Travis. 1997: Satellite retrieval of
aerosol properties over the ocean using polarization as
well as intensity of reflected sunlight. J.Geoph.Res.,,
102, 17015-17022.

Postylyakov O.V., N.F. Elansky, A.S. Elokhov, A.N.
Maseev, M.N. Orlov, SA. Sithov, 2000a
Determination of aerosol vertical profile using
measurements of the polarized zenith-sky radiance
during twilight: model, retrieval algorithm and first
measurements, Proc. Quadr. Ozone Symp., Sapporo,
Japan, 3-8 July 2000, 595-596.

Postylyakov O.V., A.N. Madeev, Yu.E. Belikov, Sh.S.
Nikolaishvili, S.A. Uhinov. 2000b: A comparison of
radiation transfer algorithms for modeling of the zenith
sky radiance observations used for determination of
stratospheric  trace gases and aerosol. Proc.
Int.Radiation Symp., St.Petersburg, Russia, 24-29 July
2000, thisissue.

Pytev, Yu.P., A.l. Chulichkov, 1991: Measurement
computer system: modeling, reliability, algorithms.
Pattern Recognition and Image Analysis, 1, 212-223.

Shah, G.M., 1969: Enhanced twilight glow caused by
volcanic eruption on Bai Idand in March and
September 1963. Tellus, 21, #5, 636-640.

Wu Beiying, Lu Daren, 1988: Retrieval of stratospheric
background aerosol scattering coefficient from twilight
polarization. Applied Optics. 27, #23, 4899-4906.

WMO, 1986: World Climate Program: A preliminary
cloudless standard atmosphere for radiation
computation. WCP-112, Radiation Commission, Int.
Assoc. of Meteorol. and Atmos. Phys.



